Background. Kaposi sarcoma-associated herpesvirus (KSHV) encodes 12 pre-microRNAs that yield 25 mature microRNAs. We previously reported phylogenetic analysis of the microRNA-coding region of KSHV from Kaposi sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman disease (MCD) patients. We observed a high level of conservation for most sequences but also a divergent cluster of 5 KSHV sequences, including 2 from MCD patients.
shares many characteristics of KSHV-MCD. Patients with this syndrome, which we refer to as KSHV-associated inflammatory cytokine syndrome (KICS), display MCD-like symptoms and have elevated levels of IL-6 and KSHV but do not have pathological findings of MCD [11] .
The KSHV genome is highly conserved overall, displaying about 99% sequence identity across viral strains with the exception of 2 hypervariable genes encoding tyrosine kinasesignaling proteins, K1/VIP and K15/LAMP. K1/VIP is known to show up to 35% variability in encoded amino acid sequence across viral strains and is generally used for viral subtyping [12] [13] [14] [15] . Six KSHV subtypes have been identified (subtypes A through F) through K1/VIP sequencing, and these subtypes have been shown to display a geographical distribution [15, 16] .
KSHV has 2 transcriptional programs: latency and lytic replication. During latency, viral gene expression is tightly regulated and the viral genome expresses only the minimal number of genes required to maintain latency. These genes are clustered together in a locus known as the latency transcription unit. Conversely, lytic replication involves the expression of most viral genes and results in the production of progeny virions. In KS tumors and PELs, the predominant proportion of cells is latently infected with KSHV; however, up to 5% of cells undergo lytic replication at any time [17] . In KSHV-MCD, however, a high percentage of the B-cell plasmablasts express vIL-6, and other viral lytic gene expression is also relatively widespread [17] . This observation suggests that KSHV lytic genes, and especially vIL-6, may play a greater role in KSHV-MCD than in KS and PEL.
MicroRNAs are short RNA molecules about 19-24 nucleotides in length that have been shown to play a regulatory role in posttranscriptional gene expression. MicroRNAs are initially transcribed from the human genome, as well as from some viral genomes, resulting in primary microRNAs (pri-microRNAs), which are subsequently processed by Drosha resulting in approximately 60-nt hairpin pre-microRNAs. These are exported out of the nucleus and the hairpin is removed by Dicer, leaving a double-stranded RNA duplex. One of the 2 strands is incorporated into the RNA-induced silencing complex, which translocates to its respective messenger RNA (mRNA) target.
The KSHV genome encodes 12 pre-microRNA sequences that have been shown to yield 25 mature microRNAs [18] [19] [20] [21] . In total, 10 of the 12 pre-microRNAs are encoded between the v-FLIP (ORF71) and K12/T0.7 genes in the latency transcriptional unit. The remaining 2 microRNAs are present in the coding region of the K12/T0.7 gene. MicroRNAs have been shown to play important roles in diverse cellular processes, including apoptosis, cellular differentiation, cell growth, and many others; however, the targets and functions of KSHV microRNAs are not currently fully known [22, 23] . Targets that have been identified indicate that KSHV microRNAs play a role in maintaining viral latency, evading the host immune system, and controlling lytic replication [24] [25] [26] [27] [28] [29] [30] .
MicroRNA polymorphisms (miR-polymorphisms) and microRNA single-nucleotide polymorphisms (miR-SNPs) have been shown to affect microRNA processing and function. The miR-polymorphisms and miR-SNPs have been associated with disease risk in heart disease and cancer, including breast cancer and chronic lymphocytic leukemia [31] [32] [33] .
Our previous study examining the KSHV microRNA sequences in clinical samples from subjects from diverse geographical locations, as well as from different disease groups, showed a high degree of conservation [34] . However, phylogenetic analysis of the microRNA cluster region and T0.7 gene showed a distinct clustering of sequences in patients with KSHV-associated malignancies including 2 sequences from MCD patients. In our subsequent case-control study of AIDS-KS we showed an association between SNPs in the microRNA cluster region and T0.7 gene with KS disease risk [35] . Given the proposed role of KSHV microRNA in maintaining viral latency and evading the immune response and the role of other microRNAs in regulating the levels of cytokines including IL-6, we hypothesized that polymorphisms in KSHV-encoded microRNAs may differentiate patients with KSHV-associated inflammatory syndromes (MCD or KICS) from HIV/KSHV-coinfected patients with no known history of inflammatory symptoms [36] . To expand on our previous observations, we sought to phylogenetically examine the KSHV microRNA-encoding regions in samples from additional KSHV-MCD patients, as well as KICS patients, to investigate a possible association between KSHV-encoded sequence variation and KSHV-MCD/ KICS risk.
MATERIALS AND METHODS

Patient Population
MCD and KICS clinical samples were collected from patients enrolled in the National Cancer Institute Institutional Review Board-approved HIV and AIDS Malignancy Branch protocols that allowed for genetic evaluation of KSHV. All patients provided written informed consent. MCD patients all had pathologic diagnosis of KSHV-MCD, and KICS patients had MCD-like symptoms and laboratory abnormalities-including elevated hIL-6, vIL-6, KSHV load, and IL-10-but no evidence of KSHV-MCD [11] . Patients with concurrent KS and/or PEL were nonetheless categorized into these 2 primary groups. In total, 5 of the 7 KICS patients included were those from the original report of this syndrome [11] . All MCD patients and KICS patients were HIV coinfected with the exception of 1 KICS patient. Biospecimens from patients with HIV and KSHV coinfection, but no known history of KSHV-MCD or KICS, were obtained as previously described, and patients were classified as AIDS-KS cases if they had clinical KS or as KSHV control patients if they had no clinical KS [35] .
Biospecimen Collection
For MCD and KICS patients, saliva and whole blood specimens were obtained. Saliva was collected by having patients rinse their mouth with mouthwash and subsequently discharge this fluid into a 50-mL conical tube. Cell pellets were separated by centrifugation at 17 000g for 5 minutes. The resulting cell pellets were separated from supernatants and stored at −80°C until use. Lymphocytes were separated from whole blood using standard Ficoll-Paque procedures (MP Biomedicals). Cell pellets were made (1-2 million cells per pellet) and frozen at −80°C until use. DNA extractions were performed using the Qiagen DNA Blood mini kit according to the manufacturer's protocol. Viral load determinations were performed using a quantitative polymerase chain reaction (PCR) assay to identify samples with detectable KSHV DNA for sequencing [37, 38] .
Amplification, Cloning, and Sequencing of KSHV MicroRNA Cluster Region, T0.7, and K1
Sequences were amplified via a nested PCR amplification strategy for K1, T0.7, and the microRNA cluster regions as described elsewhere [34] . Direct sequencing was performed by using the inner nested PCR primers for each respective region/fragment. If amplification yields were inadequate, cloning was performed by using P-GEM T-Easy vector system (Promega) to provide amplified templates for sequencing. Overlapping forward and reverse sequencing reactions were performed for each region/fragment sequenced, and the sequence reads were collected using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). All forward and reverse sequencing reads for K1 and T0.7, as well as the entire micro-RNA cluster region, were assembled using DNA Baser (version 2.91.5, Heracle Software). Each forward and reverse sequence collected from each patient and the identity of each gene region were confirmed using BLAST.
Phylogenetic Analysis
Sequence alignments for the K1, T0.7, and microRNA cluster region were performed using ClustalX (version 1.83). Nucleic acid sequences were used for T0.7 and the microRNA cluster region. K1 sequences were translated to amino acid sequences prior to alignment. Relevant sequences were obtained from the GenBank database as well as sequences from our casecontrol study of AIDS-KS [35] . Each sequence region was imported into GeneDoc (version 2.7.000) and trimmed to equal lengths. Bootstrap neighbor-joining analysis was performed on the alignments with MEGA (version 4.0.2) for K1, T0.7, the entire microRNA cluster region, and each of the 3 micro-RNA cluster region segments.
Statistical Analysis of SNPs
The association of each individual SNP with clinical status (KSHV-MCD/KICS vs AIDS-KS vs control) was ascertained using exact nonparametric χ 2 tests [39] . As multiple comparisons were performed, a Bonferroni adjustment was done, and P < .05 was determined to be of marginal significance, P < .005 to be approaching significance, and P < .0005 to be significant. Classification tree analysis was performed employing all 77 SNPs to identify combinations of genetic loci that could be indicators of KSHV-MCD and KICS [40] . Classification trees were constructed using a recursive partitioning algorithm that identified the splits in the data, based on wildtype or SNP categorizations at certain genetic loci to form subsets that would best predict KSHV-MCD and KICS. Not every sample was successfully sequenced at all loci, so multiple imputations were performed to minimize potential bias due to missing values. Ten sets of multiple random imputations were generated using Markov chain Monte Carlo (MCMC) simulation to estimate the parameters of a log-linear model using the S-PLUS missing library software [41] [42] [43] . Logit models were then fitted to each of the 10 complete data sets that were created using multiple imputations. The parameters of the models were estimated using Bayesian statistical methods and the WinBUGS 14 software [44] . Vague, but proper, prior distributions were used to fit the logit models and the log-linear imputation models. These prior distributions had very large variances so that they were essentially uninformative but were actual proper distributions and hence ensured successful convergence of the MCMC simulation algorithm. Conditional probabilities of disease status were then combined from the 10 complete data set models for each SNP configuration [41] [42] [43] .
RESULTS
Patients
The primary analysis of KSHV microRNA phylogenetic diversity in patients with KSHV-MCD or KICS is based on 23 MCD samples, including 2 patients whose sequences had been previously reported and 7 KICS samples. AIDS-KS cases (21) and KSHV controls (14) included 35 cases described elsewhere [34, 35] . Patient characteristics are listed in Table 1 .
Subtype Determination of Viral Strains
Four K1 subtypes were represented among the MCD and KICS patients for whom K1 sequences could be obtained ( Figure 1 ). Of the 24 K1 amino acid sequences obtained from MCD and KICS patients, 4 (16.67%) were subtype C; 12 (50%) were subtype A, including 3 (12.5%) subtype A5; 4 (16.67%) were subtype B, and 1 (4.16%) was subtype F. The distribution of subtypes was similar between the MCD and KICS patients. KS cases and KSHV controls were subtype A (31.2%) or subtype C (68.8%).
Phylogenetic Analysis of T0.7 and MicroRNA Cluster Region
Phylogenetic analysis included sequences from KSHV-MCD, KICS, and AIDS-KS patients and KSHV controls from whom sequences could be obtained. Figure 2 shows the phylogenetic analysis of the microRNA cluster region showing a conserved branch (subtypes A and C) and a variant cluster (subtypes B and F) consisting exclusively of sequences from KSHV-MCD/ KICS patients. Similar trees were obtained with sequences for which only partial sequences were obtained (Supplementary Figure 1) and for T0.7 ( Figure 3 ). Subtype designation was based on previously reported precedents [34] . In addition to the sequences making up the variant cluster, some miRNA sequences from KSHV-MCD and KICS patients were also present in the conserved branch. Representative microRNA cluster sequences of determined subtypes are available from GenBank (accession numbers JQ029277-JQ029280).
Statistical Analysis of SNPs in the T0.7 and MicroRNA Cluster Region
The prevalence of identified SNPs at each position in the micro-RNA coding region within each of the 4 disease groups was calculated. To rule out PCR artifacts, only SNPs present in ≥2 samples were included in the analysis. Sequencing of the 2.8-kbp microRNA cluster and 646-bp T0.7 region identified 77 SNPs. The percentage of patients within each disease group with SNPs at each locus was examined (Supplementary Figure 2) . Overall, a higher percentage of KSHV-MCD and KICS patients had SNPs in identified loci than did the AIDS-KS patients and KSHV controls. In 15 of the 18 (83.3%) identified SNP loci in the T0.7 region, KSHV-MCD and 
Subtype designation for K1 and T0.7 are based on traditional subtype designations and previously described precedents for the miRNA cluster region segments [34] .
Abbreviations: KICS, KSHV-associated inflammatory cytokine syndrome; KS, Kaposi sarcoma; KSHV, Kaposi sarcoma-associated herpesvirus; MCD, multicentric Castleman disease; miRNA, microRNA; N/D, not determined; PEL, primary effusion lymphoma.
KICS patients showed a higher percentage of SNPs than did AIDS-KS cases and controls. The same pattern was seen in the microRNA cluster region: a higher percentage of KSHV-MCD and KICS patients had SNPs in 10 of 10 loci (100%) in the fragment coding for microRNAs 1-5, 16 of 16 loci (100%) in the fragment coding for microRNAs 6, 11, and 7, and 29 of 31 loci (93.5%) in the fragment coding for microRNAs 7-9. Pearson χ 2 test and classification tree analysis were performed on the collected sequence data. The individual SNPs that differentiate KSHV-MCD/KICS from AIDS-KS cases and KSHV controls with at least marginal significance are displayed in Figures 4 and 5 . In total, 40 of 77 SNPs were at least of marginal significance (P < .05), with 14 approaching significance (P < .005), and 14 being significant (P < .0005). Classification tree analysis was next used to determine combinations of SNPs that predict KSHV-MCD and KICS with the precedence that a combination of SNPs may affect micro-RNA biogenesis. This exploratory model displayed 4 combinations of 6 SNPs as putative indicators of KSHV-MCD and KICS and is listed in Table 2 . Classification trees are shown in Supplementary Figure 3 . Logit model analysis determined the probabilities of being KSHV-MCD or KICS vs AIDS-KS or KSHV control from the combinations of SNPs identified from classification tree analysis (Table 2) .
DISCUSSION
We previously reported phylogenetic analysis of the KSHV microRNA encoding region from KS, PEL, and KSHV-MCD patients and showed a distinct phylogenetic branch including 2 MCD patients distinct from a conserved branch [34] . M-fold prediction has also shown that SNPs in the pre-microRNA sequence can have dramatic effects on secondary structure [34] . We also reported that SNPs in the microRNA-coding region of KSHV are associated with disease risk in AIDS-KS patients [35] . SNPs in human microRNAs as well as their respective targets have been shown to play a role in disease pathogenesis [45, 46] . In the current study we extended our previous observations to include a greater number of KSHV-MCD patients, as well as patients with the newly described KICS. Figure 1 . K1 subtype analysis of Kaposi sarcoma-associated herpesvirus (KSHV)-multicentric Castleman disease (MCD) and KSHV-associated inflammatory cytokine syndrome (KICS) patients. All K1 sequences collected were translated prior to analysis and were analyzed by bootstrap neighbor-joining analysis with relevant sequences from GenBank. In total, 100 bootstrap replicates were conducted to determine the topology of the trees using MEGA (version 4.0.2). KSHV-MCD patients are indicated by a square and KICS patients are indicated by a triangle. AIDS-Kaposi sarcoma cases and controls are unmarked. Summary of significant single-nucleotide polymorphisms in microRNA cluster region. Kaposi sarcoma-associated herpesvirus (KSHV)-multicentric Castleman disease (MCD) and KSHV-associated inflammatory cytokine syndrome (KICS) patients were compared to AIDS-Kaposi sarcoma cases and controls using Pearson χ 2 test. Because multiple comparisons were performed, P < .05 was deemed to be a threshold for marginal significance, P < .005 to be approaching significance, and P < .0005 to be significant. P values are listed to the right. The microRNA cluster region is shown to the left as a reference, and locations of KSHV pre-microRNAs are indicated by light gray shading.
To evaluate the association with individual SNPs or combinations of SNPs in the KSHV microRNA-coding region with KSHV-MCD or KICS, both phylogenetic and statistical analyses were performed. These analyses showed significant differences in the KSHV microRNA-coding region of many of the KSHV-MCD and KICS sequences, which differentiated them from AIDS-KS cases and KSHV controls. Consistent with phylogenetic analysis, KSHV-MCD and KICS patients showed an overall higher number of polymorphisms in sequences of the microRNA-coding region than AIDS-KS cases and controls, with SNPs being more common in patients with KSHV-MCD or KICS in all of the 14 statistically significant SNP loci. To our knowledge, this is the first study linking KSHV viral genetic variation to KSHV-MCD or KICS risk.
The overall phylogenetic pattern seen in samples from KSHV-MCD and KICS patients is rather striking. In all trees examined, 2 major branches were observed, a conserved group and a variant group. All sequences from AIDS-KS cases and KSHV controls branched in the conserved group and every variant branch observed consisted exclusively of KSHV-MCD and KICS patients. Although there were sequences from KSHV-MCD and KICS patients present in the conserved group, a majority of them branched in the variant group away from the AIDS-KS cases and KSHV controls in all trees examined (Table 2 ). In addition, sequences from patients who were Hispanic, black, or of African origin were more likely to cluster in the variant group; however, all ethnicities were present in both the conserved and variant groups.
Analysis of the sequences from the KSHV-MCD and KICS patients showed a higher frequency of polymorphisms in their microRNA coding region compared to that from AIDS-KS cases and KSHV controls. This was evident not only by the phylogenetic pattern described above but also by the presence of SNPs in the microRNA coding region as well as the higher percentage of KSHV-MCD and KICS patients with these SNPs. Notably, for 72 of the 77 SNP loci, an SNP was present at a higher percentage in sequences from KSHV-MCD and KICS patients. This also held true for all of the statistically significant SNPs determined by Pearson χ 2 analysis. Furthermore, although the region encoding microRNAs 6, 11, and 7 was confirmed to be the most conserved of the microRNA cluster region, 11 of the 16 SNPs detected in this region were exclusively observed in the sequences from KSHV-MCD and KICS patients. Fourteen other SNPs, including 4 present in the T0.7 region, were shown to be statistically significantly associated with KSHV-MCD and KICS risk. Few targets of KSHV-encoded microRNAs have been determined. Interestingly, several microRNAs for which targets have been determined have observed polymorphisms in or near their pre-microRNA sequences. For example, miR-K12-9, miR-K12-7, and miR-K12-5 are involved in downregulating RTA (which plays an important role in the latent-lytic switch), and miR-K12-7 is involved in the expression of IL-6 and IL-10 [26, 28, 47, 48] . The higher prevalence of polymorphisms in this area of the KSHV genome in KSHV-MCD and KICS patients may be playing a role in disease by altering expression of the microRNAs and causing changes in downstream gene regulation. This may help explain the increased KSHV loads and elevated inflammatory cytokine levels observed in KSHV-MCD and KICS patients.
A majority of the SNPs detected in examined sequences in this study were present in the pri-microRNA sequence. Several studies have shown that SNPs present in the pri-microRNA Figure 5 . Summary of significant single-nucleotide polymorphisms (SNPs) in T0.7/K12 region. SNPs identified in the T0.7/K12 region were analyzed in the same manner as those identified in the microRNA cluster region. The P values are listed to the right and the T0.7/K12 region is shown to the left with corresponding microRNAs in light gray shading.
sequence lead to altered levels of mature microRNA expression. Expression of the human microRNAs let-7e and miR-16 has been shown to be altered due to SNPs present in their respective pri-microRNA sequences [45, 49] . Furthermore, it has been demonstrated that pri-microRNAs can fold into compact tertiary structures, which may sequester individual pre-microRNA sequences and affect their processing [50] . Presumably, SNPs may alter the tertiary structure of pri-microRNA structures in KSHV and affect KSHV microRNA processing and biogenesis. Further research into the processing of KSHV pri-microRNA and downstream mature microRNA expression is warranted.
There are several limitations to this study. For some patients with low KSHV viral load, complete microRNA sequences could not be obtained. The absence of these sequences may have led to conservative bias in the statistical analysis. Further sample size limitations are due to the rare nature of KSHV-MCD and the recent characterization of KICS. Yet, despite a small sample size, the presence of a much higher frequency of polymorphism in KSHV-MCD and KICS patients' microRNA sequences compared to those of AIDS-KS cases and KSHV controls suggests that the potential importance of these SNPs cannot be disregarded.
A distinguishing characteristic of KSHV-MCD and KICS is a higher KSHV viral load in the peripheral blood as well as the expression of genes involved in lytic replication. Recent reports have shown that when KSHV microRNA processing is disrupted, lytic gene expression is induced [29] . Additionally, the observation that an SNP immediately preceding KSHV miR-K12-5 increases expression levels of this microRNA also highlights how alteration in microRNA processing can affect microRNA expression. The presence of higher viral loads in the peripheral blood of MCD and KICS patients, as well as the presence of a higher degree of polymorphisms in the micro-RNA-coding region, suggests that variations in the sequence of KSHV-encoded microRNA region may play a role in the pathogenesis of KSHV-MCD and KICS.
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